Introduction
Gastric cancer (GC) is one of the leading causes of cancer-related mortality, and poses a serious threat to individuals' health in China. 1, 2 Recently, some etiologic mechanisms involved in the development and progression of GC have been thoroughly investigated, including genetic and epigenetic alterations. 3, 4 However, current therapeutic methods, involving surgery or radio/chemotherapy, are unsatisfactory due to the advanced stage at diagnosis of GC. In addition, malignant or advanced GC is characterized as malignant proliferation, vascular invasion, and lymphatic metastasis. 5, 6 Thus, it is essential to investigate novel targets to effectively treat GC patients.
miRNAs are a kind of small non-coding RNA, and play an important role in the development of GC. 7, 8 miRNAs are able to precisely bind the 3′-UTR of their target mRNAs, and trigger the degradation or translation inhibition of mRNAs. 9, 10 It has been demonstrated that the expression of miRNA is markedly correlated with the proliferation and metastasis of tumors. For instance, miR-122-5p inhibits tumor cell proliferation and induces apoptosis by targeting MYC in GC cells. 11 Notably, miR-598 expression submit your manuscript | www.dovepress.com
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liu et al level was demonstrated to be low in some cancer tissues and cells. It has been reported that miR-598 overexpression repressed the proliferation, migration, and invasion of osteosarcoma cells. 12 However, the specific roles and mechanisms of miR-598 in GC progression are rarely explored. Besides, IGF-1R was identified to be highly expressed in a variety of human cancers including squamous cell carcinoma of head and neck, endometrial carcinoma, and papillary thyroid cancer. [13] [14] [15] In our previous study, IGF-1R functioned as a tumor promoter in GC cell survival and development. 16 However, it is not clear whether miR-598 can regulate IGF-1R expression in GC.
In the present study, we analyzed miR-598 and IGF-1R expression levels in GC samples and cells, and evaluated the role of miR-598 and IGF-1R in the tumorigenesis of GC cells. Then, we explored the relationship between miR-598 and clinicopathological features using a large GC sample and evaluated its prognostic value in GC patients. Furthermore, in vitro and in vivo assays were used to investigate its specific molecular mechanisms.
Materials and methods ethics statement
Ethical approval was obtained from the Ethics Committee of Shandong Provincial Third Hospital. Patients enrolled in this study signed written informed consent. All procedures were subject to the Declaration of Helsinki.
Patients and tissue samples
A total of 90 patients (56 males and 34 females; median age, 50 years; range, 18-79 years) with GC, who underwent gastrectomy in the Department of General Surgery, Shandong Provincial Third Hospital and Shandong Cancer Hospital between March 2011 and December 2012, were enrolled in the present study. Adjacent non-tumor tissues located at least 5 cm from tumors were selected as controls. All cases were classified according to the World Health Organization's pathological classification (2010) of gastric tumors. Written informed consent was obtained from each patient and the present study was approved by the Ethics Committee of Shandong Provincial Third Hospital. The specimens were obtained after surgical resection, immediately frozen, and stored in liquid nitrogen.
gc cell lines
The GC cell lines MKN-28, BGC-823, and AGS were obtained from American Type Culture Collection (Manassas, VA, USA). Human gastric mucosal epithelial cell line GES-1 was obtained from Shandong University Cancer Hospital. Cells were routinely cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS (HyClone Laboratories Inc., Logan, UT, USA) at 37°C in a humidified 5% CO 2 atmosphere. HEK293T cells were obtained from Jinan University and were grown in DMEM supplemented with 10% FBS in a 5% CO 2 incubator that was maintained at 37°C. The use of these cell lines was approved by the Ethics Committee of Shandong Provincial Third Hospital.
Transfection
Cell transfection was conducted in cells using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's instructions. Briefly, cells were cultured to 70% confluence, and resuspended in serum-free DMEM. Negative control miRNAs (miR-NC), miR-598 mimics for miR-598 up-regulation, and pc-DNA3.1-IGF-1R plasmids for IGF-1R overexpression were diluted in OPTI-MEM (Thermo Fisher Scientific), which was then added to diluted Lipofectamine 2000. Following incubation for 20 min at room temperature, the mixture was added into the cell suspension. Following incubation at 37°C and 5% CO 2 for 6 h, the transfection mixture was replaced with DMEM with 10% FBS.
For IGF-1R silencing, IGF-1R siRNA lentiviral vectors were constructed by inserting IGF-1R siRNA sequences into the GV248 lentiviral vector (GeneChem Company, Shanghai, China), then the viral supernatants were collected and filtered 48 h after the transfection. Finally, the expression of IGF-1R was confirmed by Western blot.
rT-qPcr
RNA was isolated using TRIzol (Thermo Fisher Scientific) following the manufacturer's protocols. The first strand cDNA was compounded using a Tianscript RT kit (Tiangen Biotech., Beijing, China). PCR amplifications for mRNA were performed with the TaqMan Human MiRNA Assay kit (Genecopoeia, Guangzhou, China) and the SYBR Premix Ex Taq™ kit (TaKaRa, Shiga, Japan) in ABI 7300 system (Thermo Fisher Scientific). GAPDH was employed as reference genes to normalize the expression. U6 snRNA or GAPDH was used as internal control. The relative expression levels were calculated by the equation 2-ΔΔCT.
Western blot analysis
The total protein was lysed from GC cells using RIPA solution (Sangon, Shanghai, China) and quantitated with BCA kit (Beyotime, Shanghai, China). An amount of 20 μg of total protein was heated for 5 min and then separated by SDS-PAGE. The separated gels were transferred onto a PVDF membrane (EMD Millipore, Billerica, MA, USA). The transferred PVDF membrane was incubated with 5% nonfat milk in PBS containing 0.05% Tween-20 (PBST) for 1 h and then incubated with primary antibody at 25°C for 4 h. After being washed four times with PBST, the membrane was incubated with HRP conjugated secondary antibody for another 2 h. Detection was performed by chemiluminescent ECL detection kit (Thermo Fisher Scientific). The primary antibodies and the HRP conjugated second antibodies were purchased from Santa Cruz Biotechnology Inc., Dallas, TX, USA.
cell proliferation assay
In brief, cells (2×104 cells/well) in different groups were seeded into 96-well culture plates and cultured in RPMI 1640 medium containing 10% FBS. After transfection for 24, 48 or 72 h, MTT reagent (Sigma-Aldrich Co., St Louis, MO, USA) was added to each well, followed by incubation at 37°C for an additional 4 h. Subsequently, 150 μL DMSO (SigmaAldrich Co.) was added to dissolve the crystals for 10 min at 37°C. The spectrometric absorbance at 490 nm was measured by an EnSpire Multimode Plate Reader (PerkinElmer Inc., Waltham, MA, USA).
Facs analysis
After transfection for 24 h, cells were firstly fixed in ice-cold 70% ethanol and then stained by PBS containing propidium iodide (PI)-Annexin V (50 µg/mL) and RNase A (100 μg/mL) for DNA analysis using flow cytometry analysis on a BD FACS Calibur system (FACScan; BD Biosciences, San Jose, CA, USA). Percentage of the cells in the different phases of cellular cycle was measured using the CellQuest software version 3.3 (BD Biosciences).
cell apoptosis assay
Cell apoptosis was measured using an Annexin V-PI apoptosis detection kit (BD556547™; BD Biosciences). Following different treatment, cells were incubated with FITC-Annexin V (5 μL) for 15 min at room temperature in the dark, and then with PI (5 μL) for 5 min at 4°C in the dark, prior to analysis by flow cytometry.
cell migration and invasion assays
Cells (5×104 for migration assays and 2×105 for invasion assays) were seeded into the upper chamber in serum-free medium. Culture medium containing 10% FBS was added to the lower chamber as the chemoattractant. After the cells were incubated in a humidified incubator at 37°C for 24 h (migration assay) or 36 h (invasion assay), cells on the upper surface of the membrane were removed by scraping with a cotton swab, whereas cells attached to the lower surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet for 10 min. Five randomly selected fields of the fixed cells were imaged and counted using an X71 light inverted microscope (magnification ×200; Olympus Corporation, Tokyo, Japan).
luciferase reporter assay
To predict the potential targets of miR-598, bioinformatics analysis was performed with TargetScan and miRanda. HEK293T cells were used to perform the luciferase reporter assay. Wild-type (Wt)-IGF-1R 3′-UTR, mutated (Mut)-IGF-1R 3′-UTR, or control luciferase reporter plasmid was co-transfected with miR-598 mimics or miR-NC using Lipofectamine 3000 (Thermo Fisher Scientific). Luciferase activity was measured by SecrePair Dual-Luciferase Reporter System (Genecopoeia).
in vivo tumorigenesis assay
Balb/c nude mice were purchased from Shandong University (Jinan, Shandong, China) and maintained under SPF conditions. All experiments involving animals were performed in accordance with the Guide for the Administration of Affairs Concerning Experimental Animals, the national guideline for animal experiments. Cells were suspended in culture medium. A 160 μL sample of medium containing 1×10 7 cells was injected into the dorsal flank of nude mice subcutaneously. The growth of tumor was monitored every week. Tumor volume was assessed by measuring the length (L) and width (W) using calipers (tumor volume, mm 3 = 0.5×L×W 2 ). After 3 weeks, the mice were euthanized and the tumors were excised, measured, and photographed. In vivo experiments and animal protocol were approved by Ethics Committee (Animal Care and Use Department) of Shandong Provincial Third Hospital.
statistical analysis
For prognostic analysis, the univariate and multivariate Cox regression model was used to identify the independent prognostic predictors of overall survival (OS). The recurrencefree survival (RFS) was defined as the time from diagnosis of GC to first locoregional or distant recurrence. The OS was the time from GC diagnosis to death. All statistical tests were performed using two-tailed distribution and P,0.05 was considered statistically significant. SPSS 19.0 software was used to perform statistical analysis. 
Results
Mir-598 is downregulated in gc tissues and cells
To figure out the role of miR-598 in the development of GC, RT-qPCR was carried out to detect the expression of miR-598 in GC tissues and adjacent non-tumor tissues. As shown in Figure 1A and B, miR-598 expression level was obviously downregulated in 90 cases of GC tissues compared with adjacent non-tumor tissues (P,0.05). Then, we detected the expression level of miR-598 in GC cell lines (MKN-28, BGC-823, and AGS) and gastric mucosal epithelial cell line GES-1. As illustrated in Figure 1A and B, we demonstrated that miR-598 expression level was also significantly downregulated in three GC cell lines in comparison with GES-1 (P,0.05).
igF-1r is overexpressed in gc tissues and cells
Subsequently, we detected the expression levels of IGF-1R mRNA and protein using RT-qPCR and Western blot respectively in GC tissues and cells. We found the expression levels of IGF-1R mRNA and protein were significantly higher in GC tissues than those in matched non-tumor tissues (P,0.05, Figure 1A -C). In addition, the expression levels of IGF-1R mRNA and protein were also significantly higher in MKN28, BGC-823 and AGS cells that those in GES1 cells (P,0.05, Figure 1A association of mir-598 and igF-1r with clinicopathological characteristics Furthermore, we analyzed the correlation between miR-598, IGF-1R expression and clinicopathological characteristics of GC patients. We found that both miR-598 and IGF-1R expression was correlated with histological grade, vascular invasion, lymph node metastasis, and TNM stage (all P,0.05, Table 1 ). However, no statistically significant differences were found between miR-598, IGF-1R expression and other variables, such as gender, age, and tumor size (all P.0.05, Table 1 ). Besides, we explored the relationship of miR-598 and IGF-1R expression with RFS or OS in GC patients. The Kaplan-Meier analysis revealed that miR-598 or IGF-1R expression level was associated with OS (log rank =4.384, P=0.036; log rank =6.785, P=0.009; respectively; Figure 2A and B) and RFS (log rank =12.42, P,0.001; log rank =12.60, P,0.001; respectively; Figure 2C and D) in GC patients. Additionally, univariate and multivariate Cox analysis revealed that lymph node metastasis, TNM stage, miR-598, and IGF-1R mRNA and protein expression were identified as independent risk factors (all P,0.05, Table 2 ). These results implied that miR-598 might be a potential marker for prognosis of GC patients.
mir-598 inhibits the proliferation, tumorigenicity, migration, and invasion of gc cells
In this study, miR-598 mimics were transfected into MKN-28 and BGC-823 cell lines. RT-qPCR confirmed the expression of miR-598 was increased after transfection of miR-598 Figure 3B ). Subsequently, we investigated the effect of miR-598 on the regulation of cell cycle. The cell cycle analysis revealed that the ectopic expression of miR-598 significantly induced cell cycle arrest in the G1/S phase in MKN-28 and BGC-823 cells compared with their respective controls (both P,0.05, Figure 3C ). Flow cytometry revealed that the ectopic expression of miR-598 significantly induced cell apoptosis of MKN-28 and BGC-823 cells compared with their controls (both P,0.05, Figure 3D ). The results revealed that the ectopic miR-598 expression inhibits the proliferation of GC cells. In view of in vitro assays, we further investigated whether miR-598 could affect tumor growth in vivo. MKN-28 and BGC-823 cells stably expressing miR-598 or miR-NC were injected subcutaneously into nude mice. We found that the average tumor volume of MKN-28 and BGC-823 cells transfected with miR-598 mimics was significantly smaller than those in the miR-NC group ( Figure 3E ). Then, we conducted transwell assay to evaluate the effect of miR-598 on the migration and invasion of MKN-28 and BGC-823 cells. Results showed that overexpression of miR-598 significantly reduced the migration and invasion of MKN-28 and BGC-823 cells ( Figure 4A and B) . Overall, these results indicated that miR-598 serves as a tumor suppressor in GC cells.
mir-598 inhibits the phosphorylation level of erK1/2 and akt of gc cells
Because ERK1/2 and Akt pathways were demonstrated to be involved in IGF-1R signaling-induced proliferation, migration, and invasion, 17, 18 we further detected the expression of phosphorylated ERK1/2 and Akt. We found that the phosphorylation level of ERK1/2 and Akt in miR-598-overexpressing MKN-28 and BGC-823 cells was significantly decreased compared with miR-NC group (both P,0.05, Figure 4C ), indicating that miR-598 inhibits the phosphorylation level of ERK1/2 and Akt of GC cells.
mir-598 inhibits igF-1r expression by directly targeting its 3′-UTr
In order to elucidate the target genes of miR-598 in GC cells, we performed informatics analysis using TargetScan online. Of various candidates, IGF-1R showed the most complementary sequences with miR-598 ( Figure 5A ). Therefore, we chose IGF-1R for further experiments. To validate the interactions, we conducted luciferase activity reporter assay with Wt-IGF-1R-3′-UTR or Mut-IGF-1R-3′-UTR reporter plasmids. We found that overexpression of miR-598 significantly repressed the luciferase activity in HEK293T cells transfected with Wt-IGF-1R-3′-UTR but not Mut-IGF-1R-3′-UTR plasmid ( Figure 5B and C) . Furthermore, Western blot analysis revealed overexpression of miR-598 significantly decreased the expression of IGF-1R protein in HEK293T cells with miR-598 mimics ( Figure 5D ). Subsequently, the correlation between miR-598 and IGF-1R protein in GC samples was investigated. We demonstrated a negative correlation between miR-598 and IGF-1R protein expression in GC samples (R 2 =0.7268, P,0.001; Figure 5E ). In addition, in vivo assay identified over-expression of miR-598 repressed the expression of IGF-1R protein in tumor tissues with MKN-28 or BGC-823 cells containing miR-598 mimics ( Figure 5F ). These findings suggested that miR-598 inhibits IGF-1R expression by directly targeting its 3′UTR. 
BGC-823
Figure 4 mir-598 inhibits gastric cancer (gc) cell migration, invasion, erK1/2, and akt phosphorylation. Notes: (A) cell migration assay was determined in MKn-28 and Bgc-823 cells by transwell assay. (B) cell invasion assay was determined in MKn-28 and Bgc-823 cells by transwell assay. (C) erK1/2 and akt phosphorylation levels were detected by Western blot, and levels of proteins were normalized to gaPDh. cells were transfected with mir-598 mimics, or control mirnas (mir-nc). The data were represented by mean ± sD. *P,0.05, vs mir-nc. The black scale bar =50 μm. Abbreviations: p-erK1/2, phosphorylated erK1/2; p-akt, phosphorylated akt; t-erK1/2, total erK1/2; t-akt, total akt.
( Figure 6A ). Further studies showed that miR-598 overexpression inhibited the proliferation of MKN-28 or BGC-823 cells, while restoration of IGF-1R expression rescued miR-598-inhibited cell proliferation ( Figure 6B ). Transwell assays were performed to measure the migration and invasion using crystal violet staining, and then cell invasion was determined. *P,0.05 vs mir-nc or vector. Abbreviation: mi, mimic.
igF-1r inhibition aggravates the inhibitory effects of mir-598
Eventually, to determine whether miR-598 repressed the progression of GC by targeting IGF-1R, we carried out IGF-1R silencing assay, and transfected IGF-1R siRNA and control siRNA into MKN-28 and BGC-823 cells with miR-598 mimics, and further investigated the role of IGF-1R in miR-598-mediated proliferation, migration, and invasion ( Figure 7A ). We found that silencing of IGF-1R markedly aggravated miR-598-inhibited MKN-28 and BGC-823 cell proliferation, migration, and invasion (P,0.05; Figure 7B -D). These findings indicate that IGF-1R mediates the biological functions of miR-598 in GC cells. D) . Transwell assays were performed to measure the migration and invasion using crystal violet staining, and then cell invasion was determined. *P,0.05 vs mir-nc or si-control. Abbreviation: mi, mimic.
Discussion
In recent years, the treatment of GC patients has mainly included surgery, chemotherapy, and radiotherapy; however, long-term survival status has remained unsatisfactory. 3, 4 It has been reported that TNM stage, lymph node involvement, and metastasis were the putative standards for surgical options and prognosis prediction of GC patients. 5, 6 In recent studies, molecular profiling has contributed to our understanding of the progression and potential targets of multiple human cancers. Molecular biomarkers are not only used for diagnosis but also act as potential therapeutic targets. MiR-598 has been reported to serve as a biomarker in a couple of cancers. 12, 19, 20 However, the specific role and mechanism of miR-598 in GC progression is rarely explored.
In the present study, we found that miR-598 expression level was significantly downregulated in GC tissues submit your manuscript | www.dovepress.com
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liu et al compared to non-tumor tissues, and correlated with poor prognosis, vascular invasion, TNM stage, and lymph node metastases as well as IGF-1R expression. In addition, miR-598 expression was also downregulated in three GC cell lines. Consistent with our results, Wang et al demonstrated that miR-598 expression is significantly downregulated in glioblastoma tissues and cell lines. 21 Chen et al found that downregulation of miR-598 is a frequent event in colorectal cancer tissues compared with the para-carcinoma tissues. 19 These results indicate that miR-598 may exert an inhibitory effect on the tumor biology of GC cells.
miRNAs are a kind of small non-coding RNAs, and play an important role in the development of GC. 7 miRNAs are able to precisely bind the 3′-UTR of their target mRNAs, and trigger the degradation or translation inhibition of mRNAs. 9 To elucidate the mechanisms underlying miR-598-inhibited GC progression, we selected potential targets of miR-598 in GC cells. Of candidate target genes, we found IGF-1R was involved in the progression of GC in our previous study. 16 As reported, IGF-1R overexpression can be found in many types of cancers, such as colorectal cancer and lung cancer. [22] [23] [24] A couple of reports identified that inhibition of IGF-1R exerts anti-tumor effects, therefore, IGF-1R has been suggested as a novel therapeutic target for GC patients. 16 In this study, IGF-1R mRNA and protein expressions were significantly increased in GC tissues compared to non-tumor tissues, and its protein expression negatively correlated with miR-598 expression in GC samples. Besides, the luciferase reporter assay indicated that miR-598 directly bound the 3′-UTR of IGF-1R mRNA, and suppressed IGF-1R expression at the post-transcriptional level. Most importantly, up-regulation of IGF-1R markedly reversed the inhibitory effects of miR-598 on the proliferation, migration, and invasion of GC cells, while inhibition of IGF-1R aggravated miR-598 inhibitory effects. Consistent with our results, Wang et al found that miR-598 plays a tumor suppressor role in glioblastoma, and that its anti-oncogenic effects are mediated directly via the inhibition of MACC1 expression and modulation of Met/AKT pathways. 21 Chen et al also suggested that miR-598 regulates epithelial-mesenchymal transitions by directly repressing its downstream target gene JAG1, to inactivate Notch signaling pathway in colorectal cancer. 19 These results indicate that IGF-1R indeed acts as a downstream effector in miR-598-repressed GC proliferation, migration, and invasion.
Our study has several limitations. Firstly, the endogenous expression level of miR-598 is not high enough, thus, only miR-598 overexpression assay was investigated in this study. Secondly, more samples or cell lines need to be used to identify the real expression level of miR-598. Thirdly, we demonstrated that the phosphorylation level of putative IGF-1R-related molecules ERK1/2 and Akt were significantly decreased in miR-598-overexpressing MKN-28 and BGC-823 cells; however, other potential molecules involved in miR-598-IGF-1R pathway were not investigated at this time. So, more studies on miR-598 and GC need to be conducted in the near future.
In conclusion, miR-598 is downregulated in GC tissues, and cell lines and exerts tumor-suppressing functions via directly targeting IGF-1R. The present study may provide new insights to the molecular mechanisms underlying GC development and progression. Thus, miR-598 may be used as a promising therapeutic target for GC.
